Prior studies have identified white matter abnormalities in Alzheimer's disease (AD). Yet, cross-sectional studies in normal older individuals show little evidence for an association between markers of AD risk (APOE4 genotype and amyloid deposition), and white matter integrity. Here, 108 normal older adults (age, 66e87) with assessments of apolipoprotein e4 (APOE4) genotype and assessment of amyloid burden by positron emission tomography underwent diffusion tensor imaging scans for measuring white matter integrity at 2 time points, on average 2.6 years apart. Linear mixed-effects models showed that amyloid burden at baseline was associated with steeper decline in fractional anisotropy in the parahippocampal cingulum (p < 0.05). This association was not significant between baseline measures suggesting that longitudinal analyses can provide novel insights that are not detectable in cross-sectional designs. Amyloidrelated changes in hippocampus volume did not explain the association between amyloid burden and change in fractional anisotropy. The results suggest that accumulation of cortical amyloid and white matter changes in parahippocampal cingulum are not independent processes in individuals at increased risk for AD.
Introduction
Damage to white matter, including demyelination and axonal loss, is a frequent observation in postmortem examinations of patients with Alzheimer's disease (AD), and histopathological studies have shown that microstructural white matter damage in AD can occur independent of gray matter neurodegeneration (e.g., Bartzokis et al., 2004; Brun and Englund, 1986; Englund et al., 1988; Han et al., 2002) .
Reduced integrity of white matter in AD has also been found with human in vivo magnetic resonance imaging (MRI) studies. These studies suggest a predominance of AD-related changes in the parietal and temporal white matter (e.g., Bozzali et al., 2002; Brickman et al., 2012; Head et al., 2004; Medina et al., 2006) . Consistent with AD pathology and the notion of AD as a "disconnection" disorder (Hyman et al., 1984) , analyses of specific fiber tracts using diffusion tensor imaging (DTI) have refined these results to identify a pronounced reduction of fractional anisotropy (FA) and increases in diffusivity in the parahippocampal cingulum, a collection of fibers which connect the hippocampal formation and the posterior cingulate cortex. Several studies have reported reduced parahippocampal white matter integrity already in mild cognitive impairment and normal individuals with cognitive complaints, and suggested this fiber bundle may play an important role in declining memory functions in the path to AD (Ito et al., 2015; Wang et al., 2012; Zhang et al., 2007) . Further reductions in FA and increases in diffusivity in AD have been noted in nearby white matter pathways including the main cingulum bundle, the corpus callosum and the superior longitudinal fasciculi (e.g., Rose et al., 2000; Salat et al., 2010) .
Elevated amyloid burden measured with positron emission tomography (PET) imaging of 11C-Pittsburgh Compound B (PIB) is a biomarker of amyloid plaques, a neuropathological hallmark of AD, and is detectable in a subset of clinically normal older adults (Klunk, 2011; Rabinovici and Jagust, 2009; Sojkova and Resnick, 2011) . Despite reliable associations between AD diagnosis and reduced white matter integrity, in the subset of clinically normal older adults with amyloid burden, evidence for white matter damage is inconsistent. Heightened amyloid deposition in older adults without AD diagnosis has been associated with subtle decreases (Chao et al., 2013) , but also with paradoxical increases in FA, and no changes in diffusivity, in the medial temporal lobe, cingulum and corpus callosum (Racine et al., 2014) , as well as no differences in FA, unless accompanied by gray matter neurodegeneration (Kantarci et al., 2014) . Similarly, large white matter lesions observed as white matter hyperintensities (WMH) on T2-weighted MRI that are elevated in AD (Brickman, 2013, for review; Scheltens et al., 1995) show no association with amyloid burden in clinically normal individuals (e.g., Hedden et al., 2012; Marchant et al., 2012; Rutten-Jacobs et al., 2011; Vemuri et al., 2015) . There is also little evidence that the presence of the apolipoprotein e4 (APOE4) allele is reliably associated with reduced FA in large samples of clinically normal older adults Westlye et al., 2012) , although it is a major risk factor for amyloid accumulation (Ossenkoppele et al., 2015) and AD (Corder et al., 1993) . Notably, widespread increases in diffusivity for e4 carriers were noted in some studies, suggesting that diffusivity measures may be more sensitive to subtle white matter changes in healthy individuals at increased risk for AD (Heise et al., 2011; Westlye et al., 2012 ; but see; Nyberg and Salami, 2014) .
Collectively, the previously mentioned observations provide mixed evidence for an association between markers of AD risk and imaging-based measures of white matter integrity in clinically normal older adults. It is possible that white matter tract disruption may emerge relatively late in the cascade of detectable biomarkers and may only become apparent when following individuals over time.
A major advantage of longitudinal studies is that within-person change can be directly examined instead of relying on the inference of age-related change through between-person comparisons. Longitudinal DTI studies have demonstrated that DTI measures are reliable within older individuals (Jovicich et al., 2014) and that white matter integrity shows significant decline in clinically normal older adults at a rate of approximately 0.5e1.0% per year for FA Charlton et al., 2010; Sexton et al., 2014; Teipel et al., 2010) . The estimates of longitudinal change in FA have been shown to exceed those from cross-sectional designs, which could point to a positive selection bias for very old adults in crosssectional studies Lövdén et al., 2014) . One recent DTI study found markedly different associations between age-related declines in FA and a third variable (here, change in cognition) depending on whether age associations with FA were estimated longitudinally or cross-sectionally (Lövdén et al., 2014) , and another study reported little convergence between crosssectional and longitudinal age associations in a sample of adults between 19 and 78 years (Bender and Raz, 2015) .
The present study revisits the question of when changes in white matter microstructure occur in individuals at increased risk for developing AD by examining longitudinally measured DTI metrics in clinically normal individuals with elevated amyloid burden. We predict that, even though associations between amyloid burden and white matter tract disruption are not always detectable cross-sectionally, they emerge when following individuals at increased risk for AD over time. The analyses are based on linear mixed-effects models with APOE4 status and amyloid burden as estimated by PET at baseline as predictors of longitudinal change in regional FA and diffusivity over an average duration of 2.6 years. In the analyses, we control for possible confounding effects such as age, sex, and head motion during MR imaging and investigate the influence of WMH on the association between markers of AD risk and longitudinal decline in DTI measures of white matter integrity. Informed by a significant finding in the parahippocampal cingulum, we also perform an additional analysis in which we investigate the relation between amyloid and hippocampal atrophy and whether an association between amyloid burden and FA in the parahippocampal cingulum is independent of this cascade.
Materials and methods

Sample
Participants were recruited as part of the Harvard Aging Brain Study, an ongoing longitudinal study. A total of 254 clinically normal older participants (Clinical Dementia Rating [CDR] ¼ 0, mini mental-state examination score [MMSE] ! 26) with complete DTI data, structural MRI data, a 11 C-PiB PET scan, and APOE genotyping at baseline entered the study. Of these, 117 participants completed a second MRI exam 2.6 years later (range ¼ 2.3e3.3). After exclusion of DTI data due to excessive head motion during a DTI scan (average motion exceeded 2.0 mm), 247 participants were included at baseline of which 108 had longitudinal DTI and structural MRI data. Where appropriate, we occasionally refer to the entire baseline sample for comparisons (Supplement 1 and 2). The main analyses and results are focused on longitudinal data from the 108 participants (61 women; mean age at baseline ¼ 73.7, range ¼ 66e87 years; mean education ¼ 16.5 years, range ¼ 8e20; mean MMSE at baseline ¼ 29.1, range ¼ 26e30; mean MMSE at followup ¼ 29.3, range ¼ 27e30). Subjects with a history of neurological or psychiatric disease or who were found ineligible for MRI were not allowed into the study. Based on self-report, 65 individuals had received a diagnosis and treatment of hypertension by their physician. In addition, a radiologist reviewed MRI images to rule out cortical infarcts, tumor, or other brain abnormalities. At follow-up, 12 individuals had changed from 0 to 0.5 on the CDR.
Allelic variation in the APOE gene was assessed by genotyping, and participants were grouped by the presence of at least one APOE e4 allele (N ¼ 247: 25.5% e4þ; N ¼ 108: 28.7% e4þ). None of the e4 carriers carried an APOE e2 allele. All participants gave written informed consent.
Amyloid imaging
PET images were acquired with an HRþ (CTI, Knoxville, TN, USA) PET camera at Massachusetts General Hospital (3D mode, 63 adjacent slices of 2.4 mm interval, 15.2-cm axial field of view, 5.6-mm transaxial resolution). Approximately 15-mCi 11C-PiB were intravenously administered as a bolus over 20e30 seconds. Dynamic images were acquired in 39 frames of increasing duration for a total of 60 minutes (8 Â 5 seconds, 4 Â 1 minute, 27 Â 2 minutes). PET data were reconstructed using a filtered back-projection algorithm. Before the emission scans, a transmission scan of 10 minutes was performed, and photon attenuation measurements were used to correct the emission data. The participant's head was stabilized using a beaded cushion and velcro straps, and correction for residual head motion was performed on the dynamic data by registration to a common reference frame.
Dynamic data from the first 8 minutes were averaged to create an initial uptake image. The initial uptake image was used for normalization of native PET space to a standard PET template in Montreal Neurological Institute (MNI) space. Then, emission data were coregistered to standard space using the normalization parameters obtained from the initial uptake image. Spatial normalizations were performed in SPM8 by a 2-step procedure of an initial 12-parameter affine transformation followed by nonlinear warping (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). Logan graphical analysis with cerebellar cortex as reference region was used on the normalized data to determine the distribution volume ratio (DVR, Logan et al., 1990; Price et al., 2005) for a large cortical region of interest (ROI). This volume consisted of frontal, lateral, and retrosplenial brain areas (frontal, lateral and retrosplenial brain region), defined as an aggregate of 60 Anatomical Automatic Labeling regions, and was used to obtain a summary measure of amyloid burden (e.g., Gomperts et al., 2008; Hedden et al., 2009 Hedden et al., , 2012 Johnson et al., 2007) .
Normal mixture modeling was used to identify the distribution of log-transformed PIB DVR data in the clinically normal participants (Mormino et al., 2014b , http://cran.r-project.org/web/ packages/mclust/index.html). The data were best described by 2 distributions, and subjects were classified as having low or high amyloid burden for further analyses (low amyloid burden: N ¼ 79, DVR range ¼ 0.96e1.21; high amyloid burden: N ¼ 29, DVR range ¼ 1.29e1.73).
Diffusion tensor imaging
DTI images were acquired with a standard DTI sequence with 30 diffusion encoding gradient directions (repetition time [TR] ¼ 8040 ms, echo time [TE] ¼ 84 ms, inversion time [TI] ¼ 2100 ms, 2 Â 2 Â 2 mm voxels, 64 transverse slices, b-value ¼ 700 s/mm 2 ). Because of upgrades to the scanner used at baseline that took place subsequent to the baseline data collection, MR images at baseline and follow-up were acquired on 2 different but matched scanners at the Athinoula A. Martinos Center for Biomedical Imaging (Boston, USA). The 2 scanners were matched 3T Trio Tim scanners (Siemens Medical Systems, Erlangen, Germany) with 12-channel phasedarray head coils and peak gradient strengths of 40 mT/m. For 12 young adults (20e30 years) who were scanned on both scanners within a period of less than 8 weeks, the FreeSurfer estimates of whole brain volume (WBV) obtained from a T1-weighted scan from both scanners were almost identical (mean scanner 1 ¼ 1926.9 cm 3 ; mean scanner 2 ¼ 1927.3 cm 3 ; t ¼ À0.001, p ¼ 0.99; r > 0.99), suggesting that the change in scanner had no notable effect on volumetric estimates. For our study sample of 108 older adults scanned over several years, the correlation between measurements of ROI FA (r > 0.82), mean diffusivity (MD; r > 0.85), radial diffusivity (r > 0.89), axial diffusivity (r > 0.76), WMH volumes (r ¼ 0.96), WBV (r ¼ 0.99), and hippocampus volumes (r ¼ 0.97) was also high.
Processing of DTI data was performed in FSL (The Oxford Centre for Functional MRI of the Brain Software Library) v5.0.1 and closely follows current methods for processing of longitudinal DTI data in aging (Ito et al., 2015; Lövdén et al., 2014; Sexton et al., 2014) . A schematic overview of the processing steps is shown in Fig. 1 .
First, diffusion images were corrected for eddy current distortions and simple head motion by affine registration to the first B0 volume. During this step, the root-mean-square difference (in mm) of the 3 rotation and 3 translation parameters was calculated for each volume relative to the preceding volume and averaged over all volumes of the scan as a summary measure of head motion. Notably, individuals with low amyloid burden moved their head, on average, 0.08 mm (standard deviation [SD] ¼ 0.52) less at the second scan than the first scan, whereas individuals with high amyloid burden moved, on average, 0.05 mm (SD ¼ 0.37) more at the second scan. The time-dependent change in head motion resulted in a slight difference in head motion at follow-up for individuals with low amyloid burden (mean motion ¼ 0.77 mm, SD ¼ 0.37; t (104) ¼ À2.17, p ¼ 0.03) compared to individuals with high amyloid burden (mean motion ¼ 0.95 mm, SD ¼ 0.39), which was considered in subsequent analyses.
Next, images were skull stripped using FSL's brain extraction tool (Smith, 2002) , and the diffusion tensor model was fitted at each voxel to describe the rate of diffusion along the main axis (axial diffusivity), perpendicular to the main axis (radial diffusivity, computed as the average of the 2 minor axes), as MD (the average rate of diffusion along all 3 axes) and as FA, which is also computed from all 3 axes to describe the directionality of diffusion in the voxel. FA takes a scalar value between 0 and 1 where 0 denotes equal diffusivity along all 3 axes, and a higher value indicates constrained diffusion in 1 direction.
All FA images were registered to a common space (the FMRIB58 FA image, a 1 Â 1 Â 1 mm FA MNI152 standard-space image), using FSLs FNIRT nonlinear registration with configurations optimized for FA data (they can be viewed in the T1_2_MNI152_2 mm configuration file distributed with FSL). The normalization parameters derived from the FA images were applied to the axial and radial diffusion images. Next, mean FA and diffusivity measures for each subject at each time point was computed for 12 ROIs that are defined using the John Hopkins University ICBM-DTI-81 white matter labels atlas (Mori et al., 2008;  Fig. 1 ). ROIs were selected consistent with a previous study that has investigated the crosssectional association between amyloid burden and FA (Chao et al., 2013) to include the major association fibers (superior longitudinal fasciculus, superior frontal occipital fasciculus, inferior frontal occipital fasciculus), projection fibers (anterior, superior, and posterior corona radiata and internal capsule), corpus callosum (genu, body, and splenium), and limbic fibers (cingulum and parahippocampal cingulum). The locations and trajectories of these structures in the human brain are described in detail in Wakana et al. (2004) . Note, although the fornix has received considerable attention in aging and AD, it was not included in the current analyses because of its close proximity to cerebrospinal fluid and thus high sensitivity to partial volume effects. Pertaining to this point, individual baseline FA values in all included ROIs exceeded 0.2 at baseline and follow-up, whereas FA values below 0.2 were observed in fornix for 14% of the participants at baseline and 18% at followup. FA values below 0.2 are unlikely to be white matter and probably contaminated by cerebrospinal fluid (Smith et al., 2006) .
Because the nonlinear warp to standard space is imperfect, in a secondary analysis, an additional preprocessing step was added to the DTI processing where the normalized FA images from all individuals at both time points were averaged to create a samplespecific white matter skeleton (thresholded at mean FA > 0.2; Smith et al., 2006) . Each subject's aligned FA image was projected to the skeleton by searching perpendicular to the local skeleton for the maximum values in each individual FA image. This step is included to account for residual misalignments between individuals after the initial nonlinear registrations. However, because this procedure relies on the average FA image of a given sample, this also means that ROIs are sample specific.
Brain volumetrics
The T1-weighted multiecho magnetisation-prepared rapid gradient-echo scan (TR ¼ 2200 ms, TI ¼ 1100 ms, image1 TE ¼ 1.54 ms, image2 TE ¼ 3.36 ms, image3 TE ¼ 5.18 ms, image4 TE ¼ 7.01 ms, 1.20 mm isotropic voxel size) was used to estimate WBV, total intracranial volume (eTIV; Buckner et al., 2004) , and bilateral hippocampal volume for each subject at each time point. To extract these estimates, images were processed with the longitudinal stream in FreeSurfer v 5.1.0 Reuter et al., , 2012 . WBV at baseline was adjusted for each subject by using the following formula: adjusted WBV (aWBV) ¼ WBV À b(eTIV À mean eTIV), with mean eTIV reflecting the mean eTIV of the sample and b the regression coefficient for WBV against eTIV (see Buckner et al., 2004 for discussion). The same procedure was used to adjust hippocampal volumes. Where longitudinal change in volumes was of interest, volumes were adjusted across both scans.
White matter hyperintensities
A fluid-attenuated inversion recovery scan (TR ¼ 6000 ms, TE ¼ 454 ms, 1.0 Â 1.0 Â 1.5 mm voxels) obtained at each time point was used to compute WMH. WMH were calculated on skull-stripped (Smith, 2002) images using methods previously described (Wu et al., 2006) . Initiating WMH seed regions were identified based on the intensity histogram of the image and iteratively updated. From the resulting WMH segmentation, the total WMH volume in mm 3 was estimated within a mask defined by the Johns Hopkins University White Matter Atlas, which was reverse normalized to the native space of each individual's fluid-attenuated inversion recovery scan image.
Linear mixed-effects models
Longitudinal change in DTI metrics (FA, mean, radial, and axial diffusivity) was explored in linear mixed-effects models, which contained a fixed effect for time (number of years between baseline and follow-up), baseline age as a covariate and a random intercept for each subject. The first model estimated mean annual change for each DTI metric in each ROI, controlling for baseline age only. For comparison, cross-sectional linear regression models were used to estimate the association between age and DTI metrics in the baseline data (Supplement 1). Fig. 1 . Data processing. DTI data for each subject were processed independently at each time point. DTI scans were preprocessed to generate fractional anisotropy (FA) maps, motion (average rotation and translation parameters) estimates were saved and included in the longitudinal analyses as a time-dependent covariate. FA images were transformed to standard space to compute mean FA in 12 atlas-based regions of interest at each time point: major association fibers (red ¼ superior longitudinal fasciculus, blue ¼ superior frontal occipital fasciculus, and green ¼ inferior frontal occipital fasciculus), projection fibers (red ¼ anterior, blue ¼ superior, green ¼ posterior corona radiate, and yellow ¼ internal capsule), corpus callosum (red ¼ genu, blue ¼ body, and red ¼ splenium), and limbic fibers (red ¼ cingulum and blue ¼ parahippocampal cingulum). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
The main analysis investigated a model including the interactions of amyloid burden with time and the interaction of APOE4 status with time as the predictors of interest. To estimate whether effects in a given tract are specific to the tract or reflect in part the general brain white matter integrity, FA (MD, radial, or axial diffusivity depending on the outcome variable) across all ROIs, and its interaction with time was also included in the model. This was motivated by prior reports which indicate that cross-sectional and longitudinal FA data across multiple tracts are best described by including both specific factors for individual tracts across hemispheres and a general factor capturing between-person differences in whole brain FA (Lövdén et al., 2013 (Lövdén et al., , 2014 Penke et al., 2010) . Similarly, aWBV at baseline and its interaction with time were included as predictors in the model to estimate whether effects of amyloid burden on white matter integrity can be observed independent of individual differences in global atrophy. Baseline age, sex, head motion, and change in head motion over time were entered as covariates of no interest. The significance level for these analyses was adjusted to 0.004 which corresponds to a Bonferroni correction of p ¼ 0.05 (1-tailed) for 12 ROIs.
Informed by significant findings in the first set of analyses, follow-up analyses were focused on the parahippocampal cingulum only. First, the models relating amyloid burden at baseline to change in white matter integrity were repeated after excluding participants that showed a change in CDR over time, to determine whether these individuals drive the observed associations. In the next set of follow-up analyses, decline in hippocampal volume over time was estimated using linear mixed-effects models with interactions of amyloid burden with time and the interaction of APOE4 status with time as effects of interest and covariates for baseline age and sex and their interactions with time. Then, to investigate whether hippocampal volume reduction and amyloid burden have synergistic effects on parahippocampal white matter integrity, linear mixed-effect models for FA in the parahippocampal cingulum were estimated (1) with inclusion of an amyloid burden Â time interaction and a baseline hippocampal volume Â time interaction and (2) with inclusion of an amyloid burden Â time interaction, a baseline hippocampal volume Â time interaction, and their joint interaction with time. These analyses were also performed with a time-dependent variable for hippocampal volume change over time, which examines whether hippocampal volumes change contributes to FA change in addition to hippocampus volume at baseline. In keeping with the main analyses, this model also included terms for APOE4 status, aWBV, average FA across ROIs and their interactions with time, as well as covariates for baseline age, sex, head motion at baseline (plus interactions with time), and change in head motion over time.
In a separate analysis, we estimated annual change in WMH volume, and explored WMHs as a covariate in the analyses linking elevated amyloid burden and FA to account for microstructural changes that are primarily driven by overt lesions.
Effects of amyloid burden and APOE4 status on parahippocampal white matter integrity were estimated separately for mean, axial, and radial diffusivity, following the same analysis as described for FA.
For all analyses, predictor variables and covariates were transformed in the following way to generate meaningful intercepts at 0 and units of 1: amyloid burden was coded as 1 (high amyloid) and 0 (low amyloid), APOE4 status was coded as 1 (e4þ) and 0 (e4À), females and males as 0 and 1, respectively. Age was set at 0 for the sample minimum age (66) and an increase of 1 for each additional year. aWBV, mean FA across all ROIs (mean, axial, or radial diffusivity), and hippocampal volume at baseline were scaled to a sample mean of 0 and SD of 1. Time-dependent change in hippocampal volume was set as 0 at baseline, and the percent change from scan 1 to scan 2 at follow-up. Head motion was included as a covariate both as a baseline measure (scaled to a sample mean of 0 and SD of 1) and as a time-dependent covariate, which measures the difference in motion estimates between the 2 time points (i.e., a value of 1 indicates an increase in motion at follow-up by 1 mm).
Linear mixed-effects models were fitted in R with lme4 (Bates et al., 2015) using restricted maximum likelihood estimation and degrees of freedom for fixed effects were estimated by Satterthwaite approximation as implemented in lmerTest (http://cran. r-project.org/web/packages/lmerTest/index.html).
Results
White matter integrity declines over time
Average within-person mean annual changes are plotted and reported in Fig. 2 for FA in each region. FA significantly (p < 0.05, corrected for 12 comparisons) declined over time in association fibers (inferior frontal occipital fasciculus, superior frontal occipital fasciculus, superior longitudinal fasciculus; Fig. 2 row 1) , projection fibers (superior and posterior corona radiata and internal capsule; Fig. 2 row 2), limbic fibers (cingulum and parahippocampal cingulum), and the body of corpus callosum (Fig. 2 row 3 ). Mean annual change in FA across significant regions was 0.5%. A significant increase in MD (a composite of axial and radial diffusivity) was found in association fibers (inferior frontal occipital fasciculus, superior frontal occipital fasciculus, superior longitudinal fasciculus; Table 1 ). Inspecting axial and radial diffusivity revealed significant increases in inferior and superior frontal occipital fasciculus; for the superior longitudinal fasciculus, only increases in radial diffusivity were significant. Also comparable to the pattern of changes observed for FA, projection fibers (superior and posterior corona radiata), limbic fibers (cingulum and parahippocampal cingulum), and the body of corpus callosum showed significant increases in MD (Table 1) . Changes in diffusivity in the cingulum bundle and the body of the corpus callosum were driven by significant increases in radial diffusivity only; all other regions showed significant increases in axial and radial diffusivity. Unlike the changes in FA, no significant increases in diffusivity were observed for the internal capsule. Notably, within-person changes in FA, MD, as well as radial and axial diffusivity separately, did not meet the significance threshold in the splenium and genu after controlling for multiple comparisons (FA: p ¼ 0.005 and p ¼ 0.02, uncorrected; diffusivity measures <0.05, uncorrected; Table 1 , Fig. 2 ) and did not meet the uncorrected threshold for the anterior corona radiata (FA and all diffusivity measures p > 0.05; uncorrected; Table 1 , Fig. 2) .
For comparison, Fig. 2 and Supplement 1 also report average cross-sectional age differences in FA and diffusivity measures in this sample, estimated in the baseline data. Global WMH volume also increased significantly over time with annual change estimated at 0.88% (estimate ¼ 0.063, standard error [SE] ¼ 0.001, p < 0.001, controlling for baseline age; cross-sectional annual change ¼ 0.87%; estimate ¼ 0.061, SE ¼ 0.014, p < 0.001).
Amyloid burden at baseline predicts subsequent decline in parahippocampal white matter integrity
Significantly steeper decline in FA for individuals with amyloid burden at baseline compared to those without measurable amyloid burden was found in 1 of the 12 examined regions, the parahippocampal cingulum (estimate ¼ À0.0046, SE ¼ 0.0017, p ¼ 0.003). Adopting the same model as described for FA for MD, radial, and axial diffusivity showed that amyloid burden in the parahippocampal cingulum was also weakly related to increasing MD, although it did not reach the adjusted significance criterion here (estimate ¼ 0.008; SE ¼ 0.004, p ¼ 0.02, uncorrected). Radial diffusivity (estimate ¼ 0.009, SE ¼ 0.004, p ¼ 0.006) but not axial diffusivity (estimate ¼ 0.0006, SE ¼ 0.0005, p ¼ 0.13) showed a significantly steeper increase with high amyloid burden at baseline. After exclusion of 12 participants who showed a change in CDR over time (from 0 to 0.5), the associations between amyloid burden at baseline and change in FA (estimate ¼ À0.0057, SE ¼ 0.0018, p ¼ 0.002), MD (estimate ¼ 0.011, SE ¼ 0.004, p ¼ 0.01), radial (estimate ¼ 0.012, SE ¼ 0.004, p ¼ 0.002), and axial diffusivity (estimate ¼ 0.0008, SE ¼ 0.005, p ¼ 0.06) remained, indicating that the observed associations are not driven by these individuals. A cross-sectional analysis in this sample with the same set of predictors showed no significant effect of either amyloid burden or APOE4 status on FA or any of the diffusivity measures in this region (p values > 0.20; Supplement 2 reports cross-sectional results for the entire baseline sample N ¼ 247). Fig. 3A re-plots the raw data shown for the parahippocampal cingulum in Fig. 2 separated by individuals with and without measurable amyloid burden. Fig. 3B shows the estimates from the interaction between amyloid burden (high ¼ Abþ, low ¼ AbÀ) and time from the full linear mixedeffects model including amyloid status and APOE4, average FA across ROIs and aWBV (plus interactions with time), as well as covariates for age, sex, baseline head motion (plus interactions with time), and change in head motion over time. Of note, in a simple longitudinal model including only amyloid status, APOE4 status, and the covariates age, sex, and head motion (plus interactions with time), the interaction between time and amyloid remained significant at conventional significance level, but the estimate of the interaction was slightly lower (estimate ¼ À0.0036, SE ¼ 0.0017, p ¼ 0.02), suggesting that including predictors of whole brain integrity (i.e., aWBV and average FA across all ROIs) in the main analysis helped the identification of the tract-specific effect of amyloid in the parahippocampal cingulum. To investigate confounding effects of imperfect registration to standard space, FA in the parahippocampal gyrus was also estimated in the sample-specific skeletonized ROI, which included an additional preprocessing step that attempts to account for residual misalignment. The amyloid Â time interaction was still present (estimate ¼ À0.0112; SE ¼ 0.0041, p ¼ 0.004) for these FA estimates.
In addition to changes in white matter integrity of the parahippocampal cingulum, weak effects (i.e., not surviving the correction for multiple comparisons) of amyloid burden on increases in diffusivity over time were noted in the body of corpus callosum (MD: estimate ¼ 0.0062, SE ¼ 0.0024, p ¼ 0.005; axial: estimate ¼ 0.0088, SE ¼ 0.0033, p ¼ 0.004; radial: estimate ¼ 0.0047, SE ¼ 0.02, p ¼ 0.02), anterior corona radiata (MD: estimate ¼ 0.0034, SE ¼ 0.0021, p ¼ 0.05; axial: estimate ¼ 0.0035, SE ¼ 0.0020, p ¼ 0.05; radial: estimate ¼ 0.0035, SE ¼ 0.0022, p ¼ 0.06), and superior frontal occipital fasciculus (MD: estimate ¼ 0.0065, SE ¼ 0.0035, p ¼ 0.03; axial: estimate ¼ 0.0071, SE ¼ 0.0039, p ¼ 0.04; radial: estimate ¼ 0.0063, SE ¼ 0.0035, p ¼ 0.04). There was no significant interaction between APOE4 and time in any ROI for any of the models and outcome variables (p values > 0.20). Increase in WMH volume over time was not predicted by baseline amyloid burden. In addition, neither self-reported hypertension (yes/no) nor change in WMH over time had notable effects on the association between amyloid burden at baseline and decline in parahippocampal cingulum FA over time. Further post hoc analyses exploring the significant relation between amyloid burden at baseline and longitudinal decline in FA in the parahippocampal cingulum that emerged from the initial set of analyses are reported next.
Associations between amyloid burden and loss of parahippocampal white matter integrity are independent of neurodegeneration
First, we examined possible synergistic effects of baseline hippocampal atrophy and amyloid burden on parahippocampal white matter decline to establish whether high amyloid in normals is associated with parahippocampal cingulum FA, above and beyond hippocampal atrophy. Fig. 4A shows the data for hippocampal volume, separated by individuals with high and low amyloid burden.
For individuals with high amyloid burden at baseline, average longitudinal decline in hippocampal volume was estimated at 108 mm 3 /y (¼1.5%; controlling for baseline age). For individuals with low amyloid at baseline, the estimate was 49 mm 3 /y (¼0.6%; controlling for baseline age). The interaction between amyloid burden and time was significant for hippocampal volume in this sample (estimate ¼ À51.83, SE ¼ 15.70, p ¼ 0.001, controlling for baseline age and the interaction between baseline age and time (Fig. 4B) ; estimate ¼ À47.58, SE ¼ 17.00, p ¼ 0.006, controlling for age, sex, and APOE4 status and their interactions with time). The interaction between amyloid burden and time for WBV change over time was significant only at trend level (estimate ¼ À1.63; SE ¼ 0.94, p ¼ 0.09; controlling for age, sex, and APOE4 status and their interactions with time). When hippocampal volume and amyloid burden at baseline were entered as joint predictors of longitudinal decline in parahippocampal cingulum FA, the effect of amyloid on FA decline remained significant (estimate ¼ À0.0045, SE ¼ 0.0016, p ¼ 0.004). Hippocampal volume at baseline was not associated with accelerated loss of white matter integrity in the parahippocampal cingulum (estimate ¼ À0.0011, SE ¼ 0.0009, p ¼ 0.25), and there was no interaction between amyloid burden and hippocampus volume at baseline (p ¼ 0.75), suggesting that the effect of baseline amyloid burden on parahippocampal cingulum FA is independent of baseline hippocampus volume (again controlling for APOE4 status, age, sex, motion, average FA across ROIs and aWBV, plus their interactions with time). To illustrate the independent effect of amyloid burden on subsequent change in white matter integrity (Fig. 4C) , the sample was divided into those with more (Hipþ) or less (HipÀ) hippocampal atrophy using a median split (median volume ¼ 7098.79 mm 3 ). Adding a term for hippocampal volume change over time to the model did not influence the interaction of baseline amyloid burden with time on FA and showed no significant relation with change in parahippocampal cingulum FA (p ¼ 0.59).
The relations between amyloid burden and changes in diffusivity ( Fig. 4D) were also still observed even after accounting for hippocampal volume at baseline, which in itself was associated with changes in both radial and axial diffusivity at trend level such that smaller hippocampi at baseline were associated with subsequent increases in radial diffusivity (estimate: À0.0038, SE ¼ 0.0022, p ¼ 0.08) and axial diffusivity (estimate: À0.0005, SE ¼ 0.0003, p ¼ 0.08).
Discussion
Reduced white matter integrity measured with DTI is a common finding in patients with AD, yet cross-sectional studies in clinically normal older individuals show mixed evidence for a reliable Fig. 4 . Associations between amyloid burden and parahippocampal white matter integrity are independent of hippocampus volume. Plots shows within-person trajectories of change for hippocampal volume (A) and average estimates of annual decline for individuals with (Abþ) and without (AbÀ) measurable amyloid burden (B). The effect of amyloid burden at baseline on FA decline in the parahippocampal cingulum bundle, independent of hippocampal atrophy, is shown in (C) Significant increases for Abþ versus AbÀ are observed for radial diffusivity (solid lines) but not axial diffusivity (dashed lines). For illustration purposes, hippocampal atrophy was re-coded as low atrophy (HipÀ, i.e., larger hippocampi) and high atrophy (Hipþ, i.e., smaller hippocampi) by median split. Radial and axial diffusivity were z-transformed. Beta estimates from linear mixed models are shown for graphs in panels BeD. association between markers of AD risk and white matter microstructure. The present study finds accelerated decline in FA and increase in radial diffusivity in the parahippocampal cingulum over a period of 2.6 years for individuals with elevated amyloid burden at baseline. Interestingly, no association between amyloid burden and FA or radial diffusivity was observed at baseline in this region, suggesting that loss of white matter integrity associated with elevated amyloid burden might become apparent only when following individuals over time. Diverging longitudinal and crosssectional effects have also been reported for the association of amyloid burden with behavioral outcomes, gray matter atrophy and glucose metabolism (Knopman et al., 2013; Landau et al., 2012; Mattsson et al., 2014; Storandt et al., 2009 ). This indicates more generally that samples of clinically normal individuals are likely not homogeneous and that longitudinal analyses are of particular importance when behavior and biomarkers are investigated in relation to amyloid burden.
While significant longitudinal change in white matter integrity was found across almost all regions, a reliable association between amyloid burden and change in white matter microstructure was selective for the parahippocampal cingulum. Trends for an association of amyloid burden with steeper increases in diffusivity only were also observed in body of the corpus callosum, anterior corona radiata, and superior frontal occipital fasciculus. This suggests that diffusivity estimates may be able to pick up subtle changes in white matter integrity that remain undetected by FA, consistent with prior reports in healthy individuals (Westlye et al., 2012) and AD (Salat et al., 2010) . However, given the low statistical significance for amyloid-related increases in diffusivity (i.e., not surviving multiple comparisons), this particular finding must be interpreted cautiously. In the following paragraphs, the role of the parahippocampal gyrus in aging and AD, longitudinal versus crosssectional examinations of white matter integrity, and some limitations of the present study are discussed in more detail.
The parahippocampal cingulum in aging and AD
The cingulum bundle collectively describes the short and long association fibers of the cingulate gyrus that run parallel to the corpus callosum between genu and splenium. At the retrosplenial cortex, white matter fibers of the cingulum connect to the temporal lobe and terminate in the cortex of the parahippocampal gyrus and subiculum (Jones et al., 2013; Mufson and Pandya, 1984) . Because the parahippocampal portion of the cingulum bundle provides one important pathway through which the hippocampal complex is connected with cortical areas, it has been the focus of many studies in AD. Zhang et al. (2007) demonstrated reduced white matter integrity as measured with DTI in the parahippocampal cingulum in patients with AD. They also showed that, while altered DTI measures in AD extended to the splenium, reduced FA in mild cognitive impairment was confined to the parahippocampal and posterior portions of the cingulum. This suggests that DTI measures might be sensitive to the progression of AD pathology from the hippocampal complex to posterior association cortices. In line with this interpretation, in the current sample of clinically normal older adults, accelerated loss of white matter integrity for clinically normal individuals that are at an increased risk for Alzheimer's dementia was found in the parahippocampal white matter. It is possible that with longer follow-up periods, we would begin to see preclinical white matter changes also in posterior portions of the cingulum and parietal areas, both in terms of microstructural indices and WMH, in individuals that are on the path to AD.
The initial findings in AD from Zhang et al. (2007) were confirmed in a whole brain analysis by Salat et al. (2010) . Consistent with histopathological studies, both studies showed that reduced FA in the parahippocampal cingulum bundle was statistically independent of hippocampal neurodegeneration and speculate that reduced FA may primarily reflect demyelination. Animal studies have linked increases in radial diffusivity to demyelination and decreases in axial diffusivity to axonal damage (Budde et al., 2007; Song et al., 2002 Song et al., , 2003 Song et al., , 2005 . In line with the interpretation of white matter damage in parahippocampal cingulum reflecting primarily demyelination, Salat et al. (2010) demonstrated stronger increases in radial diffusivity compared with axial diffusivity in the parahippocampal white matter of AD patients. Again, the findings in AD are mirrored in the present study in clinically normal older adults with measurable amyloid burden: amyloid deposition was associated with FA decline in parahippocampal white matter independent of hippocampus volume loss and was pronounced for radial diffusivity over axial diffusivity (Fig. 4C and D) .
In summary, DTI-based measures of white matter microstructure appear sensitive to AD pathology with the earliest changes appearing in the parahippocampal white matter in clinically normal individuals at increased risk for AD (present study) and spreading from there also to posterior cingulum in mild cognitive impairment (Zhang et al., 2007) and finally posterior association cortex in AD (Salat et al., 2010; Zhang et al., 2007) . Future longitudinal investigations are warranted that explore the link between parahippocampal white matter changes in aging and AD, and functional "disconnection" of the hippocampus from adjacent cortex and the posterior cingulate that has been described with functional MRI (e.g., Greicius et al., 2004; Salami et al., 2014; Song et al., 2015; Ward et al., 2013) and in terms of glucose hypometabolism of the cingulate and subgenual cortices (Villain et al., 2010) .
Subtle associations between APOE4 genotype and FA in the parahippocampal white matter have been reported in 2 small-scale studies (Honea et al., 2009; Tsao et al., 2014) , but larger samples Westlye et al., 2012) and the present study have not replicated this association. This suggests that APOE4 genotype has no effect on FA decline that is independent of amyloid status. That said, it is possible that studies in even larger samples would reveal independent contributions of APOE4 and amyloid on FA, as has been demonstrated for cognitive decline (Mormino et al., 2014b) .
Limitations
Although this study has provided new insights into the progression of white matter damage in clinically normal older individuals, DTI remains an indirect measure of white matter integrity, and we are unable to determine the type of white matter damage or the cellular mechanisms by which amyloid and FA are linked. Studies have shown that amyloid accumulation and white matter damage are related in patients with cerebral amyloid angiopathy, suggesting that reduced white matter integrity could be primarily a reflection of vascular amyloid accumulation (Olichney et al., 2000) . However, transgenic mice with neuritic plaques show reduced FA and reduced radial diffusivity over time, mirroring the pattern of change in the present study (Song et al., 2004) . Moreover, cerebral amyloid angiopathy is associated with the APOE4 genotype (Olichney et al., 2000) , so the fact that we did not find an effect between APOE and white matter integrity makes it unlikely that the association between amyloid burden and white matter integrity is exclusively caused by vascular amyloid. New PET tracers with increased specificity, novel targets, and the development of high angular resolution diffusion imaging may aid future studies to explore the cellular basis of white matter damage in the path to AD in more detail. In particular, additional in vivo evaluation of tau tangle burden in the hippocampal complex will be important to establish whether the white matter changes we observed are driven by increases in local tangle burden.
Another limitation of this study is that it remains an open question how reduced FA in the parahippocampal cingulum fits into the set of relationships between amyloid burden, neurodegeneration, and cognitive decline (Mormino et al., 2014a) . These questions require complex multivariate analyses that are currently hindered by insufficient sample sizes as the expected effect sizes are small (Hedden et al., , 2016 Mormino et al., 2014a, b) 
Conclusions
Studies in AD have identified white matter abnormalities in the parahippocampal cingulum. The present study shows that amyloid burden modifies the integrity of this pathway in clinically normal individuals. Although there was no detectable effect of amyloid burden on DTI measures at baseline, accelerated change in FA and radial diffusivity in the parahippocampal cingulum was observed in individuals with amyloid burden at baseline over a period of 2.6 years. This effect appeared independent of amyloid-related changes in hippocampal volume. The results indicate that change in white matter integrity in the hippocampal complex may be a biomarker to target in individuals at increased risk for AD and also highlight the value of longitudinal research in aging and AD. Future research is necessary to examine the mechanisms by which amyloid burden leads to white matter damage and how this cascade is related to clinical progression.
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